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Abstract

The cold dark marrer spectrum an earth s expected 1o have peaks 1 veloon
space  We ohtain estimates for the sizes and locations of these peak~ To thi-
end we have aserahzed the secorvdary nfall mode! of galacuc halo forn.aion
toancinde acgular momenturn of the dark matter particles This new mode]
s~y benealiy svinmetnic and 0 bas selbsmiiar solutions . Our ressles are

refevan: to direct dark matrer search experiments
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There is considerable evidence that galaxies are surrounded by dark halos which con-

N

tribute 90 or more of the galactic mass [1]. Identirving the nature of the dark matter 1= the
goal of considerable theoretical and experimental effort. The leading dark matter candidates
are barvons. neutrinos. weakly interacting massive parti les {WIMPs) and axions. From the
point of view of galaxy formation. axions and WIMPs have identical properties which earn
them the name of cold dark matter (CDM). Unlike barvonic dark matter. CDM is garanteed
to have negligible interactions other than through its gravitational effects. Unlike neutrincs.
CDM has negligibly small primordial velocity dispersion. Studies of large scale structure
formation support the view that the dominant fraction of dark matter is CDM. Moreover.
if some fraction of the dark matter is CDM. it necessarily contributes to galactic halos by
falling into the gravitational wells of galaxies. The main focus of our paper is to study the
growth of galactic halos by the infall of cold dark matter. including the effect of angular
momentum. and thence to derive properties of the spectrum of dark matter particles on
Earth.

We are motivated in part by the prospect that a direct search experiment may some
dav measure that spectrum. In particular. if a signal is found in the cavity detector of
galactic halo axions [2.3]. it will be possible to measure the spectrum with great precision
and resolution. Naturallv. the question arises what can be learned about our galaxv from
analvzing such a signai. Moreover. knowledge of the spectrum. which is identical for both
(DM candidates. mav help in the discovery of a signal.

In many past discussions of dark matter detection on earth. it has been assumed that the
dark matter particles have an isothermal distribution. Thermalization has been argued to
be the result of a pericd of “violent relaxation” {4 following the collapse of the protogal .xyv.
If it is strictly true that the velocity distribution of the dark matter particles is isothermal.
which seems to be a verv strong assumption. then the only information that can be gained
from its observation is the corresponding virial velocity and our own velocity with respect
to its standard of rest. If. on the other hand. the thermalization is incomplete. a signal in a

dark matter detector may vield additional information.




J. R. Ipser and one of us discussed '5' the extent to which cold dark particles are thern al-
ized in a galactic halo and concluded that there are subsrantial deviations fror a thermal
distribution in that the highest energv particles ha e narrow peaks in velocity space. There
is one velocity peak on earth due ro particles falling onto the galaxv for the first time. one
peak due to particles faliing out of the galaxy for the hrst time. one peak due to particles
failing into the galaxy for the second time, and o on. A simple topological a v mment show-
that these peaks exist no matter what is the distribution of angular momenta the dark
matter particles have with respect to the galactic center. although angular momentun: mav
reduce the sizes of the peaks. The peaks due to particles which have fallen in and out of the
galaxy a large number of times in the past are washed out by scattering in the gravitational
wells of stars. globular clusters and large molecular clouds. Those particles are in effect
thermalized. But the peaks due to particles which have fallen in and out of the galaxyv oulv
a few times in the past are not washed out by scattering.

The width of the peaks due to the primordial velocity dispersion of the CDM particies
is verv small: AE/m ~ 107! for axions and AE, ' m ~ 107" for WIMPs. where m is the
mass of the particles and AE their energyv spreed. As just mentioned. the peaks fragment
because of the gravitational scattering of the particles by inhomogeneities in the gaiaxv.
They also fragment because of structure formation on scales smaller than that of the zalaxv
as a whole. We expect that such structure formation in the CDM component of the marrer
density would be inhibited by the ridal forces of the galaxyv's gravitational field. but somn.» of
it no doubt occurs. At any rate. it is clear that the peaks due to particles which have fallen
in and out of the galaxy onlv a small number ot times in the past are not entirely washed out
by either scattering or small structure formation. It is the purpose of the present paper to
estimate the sizes and locations of these peaks and we will no longer concern ourselves with
their widths. Let us point out however that the sensitivity of the search for galactic halo
axions using the cavity detector may be increased by locking for narrow peaks. Specificallv.
it is found that the signal to noise ratio of t!.e upcoming axion search at LLNL [3] is increased

by a factor 180f; byv looking for narrow peaks. where f; is the fraction of the local axion
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density in the largest of the peaks of width AE < 1071 m.

The tool we use to obtain estimates of the locations and sizes of the highest energyv peaks
is the secondary infall model of galactic halo formation [6]. In its original form. thix model
makes the following assumptions:

1) the dark matter is non-dissipative. 2) 1t has negligible initial velocity dispersion: 3
the gravitational potential of the galaxy is spherically symmetric and is dominated bv the
dark matter contribution: 4) the dark matter particles have zero angular momentum and
therefore move on radial orbits through the galactic center.

Below. we will generalize the model to rid it of the fourth assumption. For clarity. we
refer to che mode! with the fourth assumption included as the radia! infall model.

Au initial overdensity profile M, (r) is assumned. The equations of moticn for the radial
coo.dinate r(a.t) of each spherical shell (a is a shell label. t is time) in the gravitational
potential due to all the other shells must then be solved for initial conditions given by
the Hubble expansion at some arbitrarily chosen but early time f,: rlia.t,) = Hit)r(a.t,:
Much progress in the analvsis of the model came about as a result of the realization that
the evolution of the galactic halo is self-sirnilac {7} provided the initial overdensity has the

following scale-free form:
d.M, Moy\° »
Tf: = (-:‘—{—) . (1]

where M, and 8\, are respectivelv the mass and excess mass interior to r, at the initial time

t,. l.e.

47 .
M) = Zp(t)r] 4+ 6M(r). o,

where p(t,}) = 3H(t,)2/87G = 1/6nGt? is the average density in a critical (2 = 1) uni-
verse. f, having been chosen during the matter-dominated epoch. Mg and e are constants
characterizing the model. Self-similarity means that the phase-distribution of dark matter
particles is time-independent after all distances have been rescaled by the overall size Rt ot

the galactic halo, all masses by the mass M(t) interior to the radius R(t). and al! velocities
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by V/E.\I(t')/R(t). For the sake of definiteness. Rt} is taken to be the “turn-around’ radius
at time t. i.e. the radius at which particles have zero radial velocitv for the first rinie
their history (see Fig.1). In a self-similar solution. the motion of each shell a 15 the samwe
after the appropriate rescaling. ie. rta.t) = r.{a)Ai{t/t.(a)). where r.{a) and t, a: are
respectively the turn-around radius and time of shell a. Also the mass-profile of the halo 1
time-independent after rescaling. i.e. M(r.t} = Mit).M(r/Rit1). A7} and M§: are func-
tions of a single variable which can be accuratelv obtained by numerical integration. In the
limit £ — 0 it was shown analvtically [7] that. M(€) « £if0 < € < 2/3and M) x & 1%
if 2/3 < ¢ < 1. The numerical integrations confirm this. Thus. for the range 0 <€ < 2/3.
the radial infall model produces flat rotational curves. i.e. it is in accord with the man
feature of the galactic mass distribution.

To fit the model to our present galactic halo we must determine appropriate values of

R(ty) and M (tp). where tg is the age of the universe. First. we have:

= | Rity)? 6 52 x 10%vear
2\ 2G M t,) h ‘

ty = 13

where h parametrizes the present Hubble rate: Hy = h 100 km sec™! Mpc™!. The first
equality in Eq.{3) follows from the fact tnat a given shell does not cross any other shell till
after the moment of its first turnaround and therefore the mass interior to it stavs constant
till then. The second equalitv in Eq. (3) follows from the assumption € = 1 which 1~
necessarv to have a seif-similar solution. Second. we match the rotation velocity in the

model to the observed one for our galaxy:

L ]G.\I t
Urot = L"(.() —('—Ol = 220 km Se(‘_1 . N

where v(¢€) is extracted from the numerical solution of the model. Combining Egs. (3} and
(4). we have:

1.32 Mpc
Rit,) = —————hv(e)p

{d)
For typical values of € and h. R(ty) turns out to be in the 1 to 3 Mpc range: see Table 1. This

is consistent with the value one would infer by taking nearby galaxies as tracers of mass.




Indeed M31. at a distance of 0.73 Mpc. is faling towards us with a line-of-sight velocity of
120 km/s. whereas galaxies at distances exceeding 3 Mpc are receding from us as part of
the universal Hubble expansion. In fact. turning rhis around. Eqs. (4} and (31 could form
a basis for estimaring the age of the universe.

Figs.1 and 2 show the phase-space diagram and the velociry peaks on earth for e = 0.2
and A = 0.7. Our distance to the galactic center is taken to be rs = 8.5 kpc. The rows
labeied ; = 0.0 in Table I give the density fractions and kinetic energies of the first five
incoming peaks in the radial infall model. For ¢ach incoming peak there is an outgoing peak
with approximateiv the same energy and densit fraction (see Fig.2). Note that. because of
the scale invariance of the model. increasing h at fixed € is equivalent to decreasing Rito'
keeping the observation radius rg fixed. or to increasing rs at fixed Rity}. We find that. in
the radial infall model. the sizes of the two peuks due to particles falling in and out of the
galaxy for the first time are large. each containing of order 107 of the local halo density for
¢ in the standard CDM model inspired {8 range of 0.1 - 0.3.

However. because the radial infall model neglects the angular momentum that the dark
matter particles are expected to have. we must question its reliability in this context. In
particular. since in that model all particles go through the galactic center at each pass. the
halo density is large there. behaving as pnao(r) ~ ll,f’rz\/ln(l/r). Instead. the actual halo
mass distribution has the approximate form phao!(7) = Praol01/(1 + (r/a)?). where a. called
the core radius. is of order a few kpc {91 Since rs and a have the same order of magnitude. the
corrections due to angular momentum are not small. Moreover. angular momentum affects
most the peaks with the highest energies (the ones we are most interested in) because these
are the ones due to particles which have come from furthest away-

rortunatelv. there is a generalization of the radial infall model which takes angular
momentum into account while still keeping the modei tractable. In this generalization. each
shell a is divided into N subshells labelled by an index k. (k=1. ... . N). The particles in
a given subshell (a.k) all have the same magnitude x(a) of angular momentum. At each

point on each subshell. the distribution of angular momentum vectors is isotropic about the
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axis from that point to the galactic center. Thus the spherical svmmetry of each subshell 1~

maintained in time. Moreover. the evolution is self-similar provided:
liial = praiajtaal. b

where the j; are a set of dimensionless numbers characrerizing the galaxy's angular -
mentum distribution. In Eq.(6) we are negiecting the small dependence of the turn-around
radius ~.{a) and time t.(a) upon A. although that neglect is not necessarv for self-sunilarntv

The model will be described ir: detail elsewhere 110:. Let us just give here the two ~quations:

) - Y U .

d*A gi miet y Ak -

—_ e — - . i ¢

dr? A} D VAR S At ‘

2. & > dr Akl 7

£y — = . . c__ Tk =

M) = 34‘;"‘ /1 ri=2 3e9 ~ 22 3.2 9¢ | b

(=1 ! E

and the boundary conditions: A, il = 1. dA;/driii = 0. which determine the model’s

evolution through reia.t) = roi0 At/ tatari and Mir t) = Mt Mir/Rit.. In Eq. +7a .
7 is the mass fraction contributed by the subshell & In all cases presented here. the ;, are

taken to be distributed according to the densitv

dlzl 2] .y 22 -
g‘—’—.’ze.\px—} fJglt - '
) Jg

We report our results in terms of the average ) = \/7jo/2. Fig.3 shows the rotation curves
for the case ¢ = 0.2. ; = 0 (whose phase-space diagram and velocitv peaks are shown iu
Figs.1 and 2) and the case ¢ = 0.2. j = 0.2. It shows that the effect of angular momentum
is to give a core radius to the galactic halo distribution. The definition of core radius we use
below to report our results is the radius b at which half of the rotation velocity squared is
due to the halo. For the density profile p{r) = p(0)/(1 + (r/a)?}. b = 2 33a: of course. our
density profiles are only qualitatively similar to that one. Fig. 1 shows the velocity peaks for
the case ¢ = 0.2. 7 = 0.2. h = 0.7. Table I gives the values of the current turn-around radius

R(ty). the core radius b. the halo densityv at our location pirs). and the density fractions




and energies of the five most energetic incoming peaks for various values of €. j and k. The
range of ¢ values chosen is motivated i models of large-scale structure formation %, as well
as bv the flatness of the rotation curves produced. Table T ix the summary of our results.
In conclusion. we have generalized the radial infail model of galactic halo formation 1o
include the effect of angular momenium. all the while keepiny; rhe model spherically svmetric
and self-similar i its time evolution The galactic  alo distributicns we obtain have core
radii as well as flat rotation curves. We find that the contribution ro the local halo density
due 1o particles which are falling in and out of the galaxy for the first time o which have
passed through the galaxy only a small number of times in the past. and which are therefore
not thermalized. is rather large. comprising several percent per velocity peak. Finallyv ler us
emphasize that the peak sizes we obtain are only order of magnitude estimates since thev

are averages over a broad distribution of possible angular momenta.
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TABLES

TABLE 1. Relative magnitudes 4, and kinetic energies E of the first five incoming peaxs for
various values of €. 7 and h. Also shown are the current turn-around radius R in units of Mpc. the

. . . . S £
core radius b in kpc. and ¢ e local density p in 1077

Jgq

em™?. The A; are in percent and the E|

are in units of 0.5 x {300 km ~7 )=,

€ ] h R b 1] A (Ey A i By A3z (E3) Ay i Ey Az Eq

02 00 0~ 20 00 >1 13 407 5332, 33 {27 24294 1.9 2.2

10 00 07 09 00 =4 16 34 1.1 32 09 3.0 0% (29 07 2x

02 07 20 12 54 31 34 41 4260 43 121 41 Ly 36 1.6
05 2% 17 49 19 (35 25 270 2» 1231 29 2.0 3.0 1T

09 16 93 60 44 320 53 25 31 {200 45 (1.0 36 15

025 02 07 18 %5 553 20 35 29 2% 33 (24 34 (21 31 il
04 02 07 15 22 77 11 100 153 31 1% (300 19 22X 21 23
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